The lateral deformation properties of oriented polymer fibres were examined by transverse compressive and torsional experiments. A modified interfacial test system machine was used to study the transverse compressive deformation behaviour of thermally cross-linkable poly(p-1,2-dihydrocyclobutaphenylene terephthalamide) (PPXTA) fibres and of a number of commercially available polymers (Nomex, nylon, Kevlar, Dacron) and ceramic (Nicalon and FP) fibres. The torsional (shear) modulus G of PPXTA and Kevlar poly(p-phenylene terephthalamide) (PPTA) fibres was measured by pendulum experiments. During both fibre torsion and transverse compression, the deformation involves materials slip on (h k 0) planes, in the [0 0 1] direction for the torsion and the [h k 0] directions for transverse compression. The intermolecular crosslinks in PPXTA did not significantly modify the elastic transverse modulus E t and caused only slight (13%) increase in shear modulus G. However, the plastic transverse properties of cross-linked PPXTA were significantly different than those of uncross-linked PPXTA. The stress at the proportional limit p , determined from the transverse load-displacement curves, was substantially higher for the cross-linked fibres than for the uncross-linked fibres. In addition, the cross-linked PPXTA fibres exhibited a large strain recoverable response reminiscent of elastomers, whereas the PPTA and uncrosslinked PPXTA fibres exhibited a large strain irreversible response.
Introduction
Oriented extended-chain liquid crystalline fibres are composed of macromolecules almost perfectly oriented parallel to the fibre axis. Typically, the morphology is viewed as a set of long microfibrils oriented in the fibre axis direction, and containing crystallites separated by grain boundaries of oriented polymer. Thus, a given molecule (length +100 nm) will traverse many crystallites (size +10 nm) and possibly several microfibrils (lateral size +30 nm). Oriented extendedchain fibres are very stiff and strong when deformed in tension (tensile modulus+100 to 350 GPa; tensile strength +2 to 3.5 GPa) [1] but much weaker when deformed in compression, with the compressive strength typically one-tenth of the tensile strength [2] . This imbalance in mechanical properties results from the structural anisotropy. Whereas the axial tensile properties predominantly depend on the covalent bonds within the polymer backbone, the axial compressive properties depend more on the weaker secondary intermolecular bonds. Therefore, it is important to characterize the lateral deformation properties which depend on this secondary intermolecular bonding, e.g. the shear and transverse deformation properties.
The object of this study is to characterize the lateral deformation behaviour of cross-linkable poly(p-1,2-dihydrocyclobutaphenylene terephthalamide) (PPXTA) fibres and of poly(p-phenylene terephthalamide) (PPTA, tradename Kevlar) fibres. Thus, the longitudinal shear modulus (torsional modulus) and the compressive transverse properties of PPTA and of PPXTA are determined. Intermolecular cross-links may be induced in the extended-chain PPXTA fibre by choosing an appropriate heat treatment temperature. It is expected that the cross-linked PPXTA may have improved lateral properties compared to uncross-linked PPXTA and PPTA. The results for PPTA and PPXTA are compared in view of the difference in their molecular backbone. More importantly, the effect of the formation of intermolecular crosslinks in PPXTA is assessed. The obtained properties are critically related to the molecular structure and to the morphology, and compared to the theoretical perfect crystal properties obtained with molecular simulations.
The shear modulus is obtained via torsional experiments and the lateral compressive properties are deduced from transverse compression experiments. Because of the small lateral dimensions of high performance fibres (+10 m), the axial, transverse, and torsional properties are the only deformation properties experimentally available. Whereas the axial and torsional properties are routinely measured, the transverse properties pose an experimental challenge. We present here a new technique and machine, available at Oak Ridge National Laboratories (ORNL), that facilitate these measurements.
Both the compressive and tensile behaviour of high performance fibres are influenced by the lateral properties. Oriented fibres yield in compression by the formation of kink bands, thought to be initiated by buckling of interacting chains or fibrils [3, 4] , or by a shear instability [5] . Regardless of the specific instability mechanism, it appears that the shear modulus and shear strength are critical to the compressive behaviour. Observation of the intermolecular shearing within kink bands in axially compressed extendedchain polymers led to the design of cross-linkable PPXTA fibres [6, 7] ; it is expected that the cross-links restrict intermolecular shearing. The transverse properties are important since a lateral tensile strain develops within kink bands during axial compressive deformation [8] . The importance of shear properties on the tensile behaviour of oriented extended-chain polymers has been illustrated with a recent constitutive model [9] . The tensile properties of the polymer were related to the aspect ratio of the molecules, the interchain shear properties and the chain tensile properties. Other models have shown the dependence of the polymer tensile modulus on the shear modulus [10, 11] and of the tensile strength on the shear strength [12] .
An evaluation of the shear and transverse moduli is of fundamental interest regardless of their influence on the tensile and compressive properties, because the ratio of the shear (or transverse) modulus to the tensile modulus is indicative of the materials' anisotropy [13] . Traditionally, because of the difficulty of measuring a transverse modulus on fibres with small diameters, the shear modulus has been used to define the anisotropy ratio.
The production of transverse deformation may be significant during fibre fabric processing, such as pleating or other setting operations [14, 15] . Substantial lateral compressive stresses may be imposed on the fibres in end-use applications, for example in a fabric at the yarn cross-over points [15] . These stresses may lead to fibre damage, thereby preventing effective use of the high longitudinal strength of the fibres. Finally, the transverse properties of fibres may have an influence on the energy-absorbing capacity of high performance fibre composites under transverse loading.
Lateral compression experiments
A number of methods have been previously used to examine the lateral properties of polymer fibres. Mason [14] tested, in lateral compression, wool fibres and wool fibres that had been cross-linked with formaldehyde. Weights were applied on an assembly that contained four layers of pairs of 50 m fibres interspaced with 5 mm wide glass bars. The tests were done in water or acid solution, at different temperatures, with loads up to 400 g. A measure of the lateral elasticity at room temperature was given by the load-deformation relation. The wool and formaldehyde-treated wool exhibited the same deformation behaviour, regardless of the solution used. The fibre assembly was then subjected to a loading and unloading cycle at 100°C, until steady state deformation was reached. The permanent viscous deformation, at the end of the on/off cycles, was highest for the native fibres, and least for the formaldehyde-treated fibres. The permanent deformation of the native fibres was slightly reduced by the use of an acid medium, and was greatly increased when using a lower temperature of 70°C. Mason pointed out that acid and formaldehyde treatment, or lower temperature, also reduces the effectiveness of pleating operations on wool fabrics. Based on the semi-quantitative agreement of the lateral compression tests and fabric-pleating tests, it was concluded that lateral compression is a possible mechanism of setting process in wool fabrics.
Phoenix and Skelton [15] used an Instron machine fitted with two parallel flat steel platens to test the lateral compressive deformation behaviour of organic polymer (Kevlar, nylon, polyester) and graphite fibres. One to four parallel fibres were mounted in the lower platen, and the upper platen was lowered at a speed of 0.058 mm min\ while the load versus displacement was recorded. The organic fibres were reported to exhibit non-linear transverse deformation, substantial plastic flow, and no apparent rupture. In contrast, the load-displacement behaviour of the graphite filaments was elastic up to brittle fracture. Mathematical expressions were given that make it possible to calculate the width of the contact zone 2b [16] , the transverse elastic modulus E , and the maximum shear stress at yield ; the yield point was taken as the proportional limit. These expressions are described in Section 3. Batra and Syed [17] studied the lateral compressive behaviour of nylon and polyethylene terephthalate (PET) fibres by following the change in the contact width 2b, as a function of the applied force. The test apparatus consisted of an optical microscope and a lever arrangement to apply the load in 200 g increments. The elastic modulus E was estimated from the slope of the linear portion of the curves (2b) versus the applied load [16] (see Section 3). The nonlinearity of the graphs at higher strains was attributed to the plastic and inhomogeneous nature of the deformation. This was confirmed with scanning electron microscopy (SEM) examinations of the tested specimens. Parallel surface striations were observed on the cross-sections of laterally deformed fibres. In some excessively deformed materials, the parallel striations developed kinks lining up along a direction approximately 45°to the plane of compression. Large cracks appeared to nucleate and propagate along the striations. Thus regions in which the deformation was
